INTRODUCTION
ABSTRACT: This study evaluated 8 empirical models for their ability to accurately predict mean ruminal pH in beef cattle fed a wide range of diets. Models tested that use physically effective fiber (peNDF) as a dependent variable were Pitt et al. (1996, PIT) , Mertens (1997, MER) , Fox et al. (2004, FOX) , Zebeli et al. (2006, ZB6) , and Zebeli et al. (2008, ZB8) , and those that use rumen VFA were Tamminga and Van Vuuren (1988, TAM) , Lescoat and Sauvant (1995, LES) , and Allen (1997, ALL) . A data set of 65 published papers (231 treatment means) for beef cattle was assembled that included information on animal characteristics, diet composition, and ruminal fermentation and mean pH. Model evaluations were based on mean square prediction error (MSPE), concordance correlation coefficient (CCC), and regression analysis. The prediction potential of the models varied with low root MSPE (RMSPE) values of 4.94% and 5.37% for PIT and FOX, RMSPE values of 9.66% and 12.55% for ZB6 and MER, and intermediate RMSPE values of 5.66% to 6.26% for the other models. For PIT and FOX, with the lowest RMSPE, approximately 96% of MSPE was due to random error, whereas for ZB6 and MER, with the highest RMSPE, 15.85% and 23.42% of MSPE, respectively, was due to linear bias, and 37.19% and 60.12% of the error, respectively, was due to deviation of the regression slope from unity. The CCC was greatest for PIT (0.67) and FOX (0.62), followed by 0.60 for LES and TAM, 0.52 for ZB8, 0.39 for MER, 0.34 for ALL, and 0.22 for ZB6. Residuals plotted against model-predicted values showed linear bias (P < 0.001) for all models except PIT (P = 0.976) and FOX (P = 0.054) and mean bias (P < 0.001) except for FOX (P = 0.293), LES (P = 0.215), and TAM (P = 0.119). The study showed that the empirical models PIT and FOX, based on peNDF, and LES and TAM, based on VFA, are preferred over the others for prediction of mean ruminal pH in beef cattle fed a wide range of diets. Several animal (BW and intake), diet (forage and OM contents), and ruminal (ammonia and acetate concentrations) factors were (P < 0.001) related to the residuals for each model. We conclude that the accuracy of prediction of mean ruminal pH was relatively low for all extant models. Consideration of factors in addition to peNDF and total VFA, as well as the use of data from studies with continuous measurement of ruminal pH over 24 h or more, would be useful in the development of improved models for predicting ruminal pH in beef cattle.
effective NDF (peNDF; PIT, MER, FOX, ZB6, and ZB8) . Although RpH is affected by other factors such as ruminal starch digestibility (Nozière et al., 2011) and meal frequency (Zhang et al., 2013a,b) , these factors are not considered by current prediction models of RpH.
Most of the extant models (ALL, MER, TAM, ZB6, and ZB8) were developed using data from dairy cows (n = 244, 114, 99, 131, and 187, respectively) , with only LES, PIT, and FOX also considering limited data for beef cattle (n = 57 and 10 for LES and PIT, respectively) and sheep (PIT; n = 1). Although FOX considered data from beef cows, dairy cows, and sheep, the number of observations used was not reported (Fox et al., 2004) .
Several of the models (i.e., ALL, TAM) were developed using simple regression analysis, without accounting for random study effects, so values may be estimated with considerable bias ). The performance of RpH prediction models for beef cattle has not been evaluated using an independent data set.
The purpose of this study was to evaluate and compare the performance of current prediction models for mean RpH using data for beef cattle from a wide range of studies.
MATERIALS AND METHODS
Data used in this study were from published literature; thus, no live animals were used in conducting this research.
Data Sources
Treatment mean data were collected from 65 papers from 9 countries published from 1969 to 2014, resulting in a total of 272 mean RpH observations for beef cattle. Relevant published articles were identified using Science Direct, CAB direct (CAB International, Wallingford, UK), the Journal of Animal Science (http://journalofanimalscience.org/), and the Canadian Journal of Animal Science (http://pubs.aic.ca/journal/ cjas/) with the following search terms: rumen pH or ruminal pH and beef. A description of the animal characteristics, diet composition, and ruminal fermentation variables in the data set are summarized in Tables  1 and 2 . A summary of the publications comprising the data set is presented in Appendix 1, and a full list of the publications is presented in the Supplementary Material. Only data from in vivo beef cattle studies were included. Treatments designed to specifically evaluate feed additives (e.g., monensin, tannins, enzymes, fumaric acid) were excluded (n = 41 removed) from the final data set, although some control diets included ionophores. Control diets with ionophores were only included when the treatment diets within the study also included ionophores, such that differences in RpH between treatments were not due to ionophore. Overall, the RpH for the monensin diets (mean ± SD; 6.15 ± 0.436; n = 20) was similar (P = 0.34) to that of monensin-free diets (6.10 ± 0.424; n = 211).
The data were evaluated for outliers by plotting the observed data relative to the model-predicted data. For MER, 4 treatments from Murphy et al. (1982) 1 from another source were considered outliers and were therefore removed for this model. Thus, the final data set contained 231 observations of RpH and corresponding peNDF intakes for PIT, FOX, ZB6, and ZB8 and 226 observations for MER. Only 187 observations of RpH had corresponding measurements of tVFA for TAM, LES, and ALL. Because fewer observations were available to test the VFA models compared with the peNDF models, caution must be used when comparing performance across types of models (i.e., peNDF vs. VFA).
The cattle used were of various ages (calves, yearlings, mature) and represented various production systems (backgrounding, finishing, transition, zero grazing, all-forage diets, and so forth). Initial BW ranged from 85 to 742 kg (Table 1) , and animals represented different breeds (Angus, Aberdeen, British, Charolais, Friesian, Holstein, Hereford, Jersey, and Simmental) and their crosses. Dairy breeds (i.e., Holstein, Jersey) that were raised for meat in the reported studies were included in the final data set.
For a study to be included in the data set, it had to have met several criteria. First, RpH values needed to be reported in the paper, and adequate description of the diets (ingredient and chemical composition) was needed. Only studies that reported DMI (or where DMI could be calculated) were included. Information on rumen fermentation end products, including tVFA concentrations, molar proportions of individual VFA (acetate, Ac; propionate, Pr; butyrate, Bu), and ammonia concentration (Am), was recorded when reported. The data set included studies that investigated the effects of feeding level, proportion of concentrate, supplementation, forage type (grasses, legumes, whole crop cereals), maturity of forage crops at harvest, and silage fermentation. Hence, a wide range of dietary compositions was represented.
Data Set Description
The majority of the studies were from North America (references for the data set can be found in the Supplementary Material). Studies were conducted in Canada with feedlot finishing diets composed of mainly (>85% of DM) barley grain (dry-rolled and ground) or barley grain supplemented with dried distillers grains plus solubles (DDGS) from corn or wheat). Other Canadian studies used diets based on high-moisture ear corn (76% of DM), wheat (30% to 89% of DM), or dry-rolled corn (56.2% of DM) and corn DDGS (27.6% of DM). The forage-based diets contained a variety of forages, including mixed-species grasses, alfalfa, and sainfoin, barley silage (55% of DM or 70% of DM), or forage mixtures.
Most of the studies conducted in the United States with feedlot cattle used high-grain corn-based diets, with grain accounting for 60% to 90% of DM processed using various methods (cracked, dry rolled, steam flaked, high moisture, whole shelled, and ground). Other studies used steers fed diets with sorghum grain (70% of DM), barley grain (50% of DM), or a blend of barley and corn (76% of dietary DM). The forage-based diets used tallgrass prairie hay (90% to 95% of DM) or a mixture of alfalfa hay and corn silage.
South American studies conducted in Argentina with feedlot cattle fed high-grain diets with 70% of DM from dry-rolled corn grain and 30% of DM from pelleted sunflower meal. In a Brazilian study, the cattle were fed sorghum silage diets (40% to 70% of DM) with concentrates containing corn and soybean meal (30% to 60% of DM, respectively). In Europe, studies conducted in England were forage based, and steers were fed a 70:30 (DM basis) grass hay:barley diet. In Spain, heifers received concentrate diets from barley and corn representing 80%, 50%, and 60% of the diet (DM basis). In Ireland, freshly cut herbage (i.e., zero grazed) or perennial ryegrass silage was fed, with forage accounting for 90% of dietary DM. In France, bulls were offered grass hay, ground corn grain, and soybean meal, accounting for 49%, 63%, and 16% of dietary DM, respectively. In Asian countries, Japanese studies used diets with 40% of DM from forage, either from orchard grass or timothy hay, and concentrate from soy sauce cake (10% to 20%), with flaked barley and corn (30% to 40% of DM).
Chemical composition of diets was recorded using the values given in each paper. All diets were entered into the Cornell Penn Minor Dairy model (CPM-Dairy; version 3.0) to calculate missing values not reported by Recording frequency varied from 1 min to every 15 min. The noncontinuous studies measured RpH by rumenocentesis, by oral intubation, or via a rumen cannula by removing ruminal fluid either manually or using a vacuum pump. In the case of rumenocentesis sampling, frequency was once, for oral intubation sampling was infrequent (once or twice), and with cannulated cattle, various sampling intervals after feeding were used. When individual VFA were expressed as concentrations, the values were converted to molar proportions. Ammonia concentrations were converted to mM.
Published Ruminal pH Prediction Equations
The models evaluated are given in Table 3 . The models that used tVFA concentration in ruminal fluid to predict RpH were TAM (Tamminga and Van Vuuren, 1988) , LES (Lescoat and Sauvant, 1995) , and ALL (Allen, 1997) . Those that used peNDF content to predict RpH were PIT (Pitt et al., 1996) , MER (Mertens, 1997) , FOX (Fox et al., 2004) , ZB6 (Zebeli et al., 2006) , and ZB8 (Zebeli et al., 2008) . It should be noted that the term effective NDF (eNDF), rather than peNDF, was used in the original publication by Pitt et al. (1996) . However, later versions of CNCPS version 5 (Fox et al., 2003 (Fox et al., , 2004 , CNCPS version 6 (Tylutki et al., 2008) , and CPM-Dairy version 3 (Boston et al., 2000) use peNDF in the equation from Pitt et al. (1996) ; thus, similarly, eNDF was substituted for peNDF in PIT.
Models Adequacy and Evaluation
The accuracy of the RpH models was assessed by computing the mean-square prediction error (MSPE; Bibby and Toutenburg, 1977) :
where i = 1, 2, …, n; n is the number of experimental observations; and O i and P i are the observed (measured) and model-predicted RpH values, respectively. The MSPE is of limited use for assessing model performance because it removes the negative sign and weighs the deviations by their squares, yielding more influence to larger deviations (Mitchell and Sheehy, 1997) . Therefore, comparisons of model accuracy were based on the root of MSPE (% RMSPE) expressed as a percentage of the observed mean to provide an indication of the overall error of prediction. The MSPE was decomposed into error due to overall bias of prediction (ECT), error due to deviation of the regression slope from unity (ER), and error due to the disturbance or random variation (ED; Bibby and Toutenburg, 1977) . These error components were calculated as follows:
, r r where P and O are the averaged model-predicted and observed RpH values, respectively; S P and S o are the S D of the model-predicted and observed values, respectively; and r is the coefficient of correlation between model-predicted and observed values. The ECT represents the error in overall bias or central tendency and indicates how the average of model-predicted values deviates from the average of observed values; ER measures the deviation of the least squares regression coefficient (r × S o /S P ) from unity, the value it would have been if the predictions were completely accurate, and ED is the variation in observed values that is not accounted for by a least squares regression of observed on model-predicted values (Benchaar et al., 1998) .
The adequacy of RpH predictions from the published models was also evaluated using the concordance correlation coefficient (CCC; Lin, 1989) :
where the first component is the Pearson correlation coefficient (ρ) that measures precision and the second component (C b ) is the bias correction factor that assesses model accuracy and is calculated as follows:
A C b equal to 1 indicates that no deviation from a 45° slope occurred. The estimates v and µ measure the scale shift and the location shift relative to the scale (squared difference of the means relative to the product of 2 SD), respectively. The v value indicates the change in SD, if any, between model-predicted and observed values. A negative µ value indicates model overestimation (overprediction), and a positive value indicates underestimation (underprediction) of observed values. The modeling efficiency statistic (MEF) was performed as discussed by Tedeschi (2006) . This value is interpreted as the proportion of variation explained by the model-predicted value, and thus, MEF may be used as a good indicator of goodness of fit and is calculated as follows: The models were also evaluated using the coefficient of model determination (CD) as an indicator of the goodness of model fit. The CD statistic is the ratio of the total variance of observed values to the square of the difference between model-predicted data and the mean of the observed data as described by Tedeschi (2006) :
is the difference between observed values and their mean and (
is the ith modelpredicted value. The closer CD is to unity, the better the model prediction is.
Prediction bias was assessed graphically whereby residuals (observed minus predicted) were plotted against predicted values ( Fig. 1 , 2, and 3; right-hand side). The independent variable (predicted RpH) was centered around the mean predicted value before the residuals were regressed on the predicted value. This approach makes the slope and intercept estimates in the regression orthogonal and thus independent (Huuskonen et al., 2013) . Mean centered bias and bias at the minimum and maximum values were determined as described by St-Pierre (2003) . Model performance was further evaluated by regressing residuals vs. linear and polynomial effects of various animal, feed, and ruminal fermentation variables (those listed in Tables 1 and  2) using mixed model regression, and the observations were weighted by the number of animals in each study before regression of the prediction model residuals (StPierre, 2003) . The fit of the models were evaluated from the root-mean-square error (RMSE), from Akaike's information criterion (AIC), and from the significance of regression parameters. The smaller the RMSE and AIC are, the stronger the relationship of the residuals to the variables examined is (Krizsan et al., 2014) .
The models were ranked in descending order (best to worse fit) for each evaluation parameter (MEF, CD, MSPE, ECT, ER, ED, RMSPE, R 2 , CCC, C b , ρ, v, and µ). Overall ranking of the models was based on cumulative score with equal weighting given to each model evaluation parameter. Thus, each model was ranked from 1 (best fit) to 9 (worst fit) for each of the statistical evaluation parameters. For each of ECT, ER, MSPE, RMSPE, v, and µ, a ranking of 1 was assigned to the model with the smallest value, and a ranking of 9 was assigned to the model with the greatest value. For each of ED, CCC, Cb, MEF, ρ, and R 2 , the model with the greatest value was assigned a ranking of 1, and that with the smallest value was assigned a ranking of 9. For CD, models were ranked in order of closeness to unity. If 2 or more models had the same value for a particular statistical evaluation parameter, they were given the same ranking. Then, the ranking scores for each model evaluation parameter were summed by model to calculate the overall cumulative ranking. Table 4 provides summary statistics of model performance for predicting mean RpH. Overall ranking of the models was, in descending order, PIT, FOX, LES, ZB8, TAM, ALL, ZB6, and MER. Of the models based on peNDF, PIT and FOX were the most accurate (C b = 0.93 and 0.95, respectively), with a CCC of 0.67 and 0.62, respectively. Of the models based on tVFA, LES and TAM were the most accurate (both C b = 1) and had the greatest CCC (both 0.60). The ZB8 model, based on peNDF, had intermediate accuracy (C b = 0.72) and CCC (0.52), but overall, it substantially underpredicted mean RpH (µ = 0.51). The least accurate models were ZB6 and MER (based on peNDF) and ALL (based on VFA; C b = 0.70, 0.58, 0.56; CCC = 0.22, 0.39, 0.34, respectively), and each substantially underpredicted RpH (µ = 0.90, 1.11, and 0.50, respectively).
RESULTS

Model Performance for Ruminal pH Prediction
The peNDF models with the greatest precision were PIT and ZB8 (both ρ = 0.72), whereas the least precise was ZB6 (ρ = 0.31). The tVFA models all had similar precision (ρ = 0.60). Overall, MEF was greatest for PIT and FOX (0.50 and 0.41, respectively), intermediate for ZB8, LES, TAM, and ALL (0.34, 0.27, 0.22, and 0.21, respectively), and least for MER and ZB6 (−2.22 and −0.91, respectively). The greatest CD was observed for ZB8 and ALL (2.61 to 4.81, respectively); the smallest CD was observed for MER and ZB6 (0.23 and 0.68, respectively), whereas TAM, LES, FOX, and PIT had intermediate CD (1.03 to 1.84).
The lowest RMSPE was for PIT (4.94%), followed by a relatively similar range (5.37% to 5.66%) for FOX and ZB8, slightly greater range (6.02% to 6.26%) for LES, TAM, and ALL, and considerably greater RMSPE for ZB6 (9.66%) and MER (12.55%). The error associated with prediction using PIT and FOX was mainly from random sources (ED = 95.83% and 97.86%, respectively), with the remaining error mostly due to deviation of the regression slope from unity (ER = 0% and 1.65%, respectively) and overall bias (ECT = 4.17% and 0.49%, respectively). The error associated with using LES and TAM was also mostly random (ED = 86.20% and 81.07%, respectively), with notable overall bias (ER = 13.09% and 17.86%, respectively) but minimal error due to deviation of the regression slope from unity (ECT = 0.72% and 1.08%, respectively). For ZB8 and ALL, although the error was mainly from random sources (ED = 72.45% and 79.65%, respectively), there was considerable error due to bias (ECT = 19.99% and 11.38%, respectively) and deviation of the regression slope from unity (ER = 7.55% and 8.97%, respectively). Errors for the least accurate and precise models, MER and ZB6, were due to a combination of sources: random (ED = 16.46% and 46.96%), bias (ECT = 60.12% and 37.19%), and deviation of the regression slope from unity (ER = 23.42% and 15.85%), respectively.
Observed vs. predicted RpH with residuals plotted against centered predicted RpH values for models are shown in Fig. 1, 2 , and 3. The models in Fig. 1 are those based on peNDF that included data for beef cattle in their development (PIT and FOX), and those in Fig. 2 (MER, ZB6, and ZB8) are for models based on peNDF developed using data from only dairy cows. Models in Fig. 3 are those based on tVFA (TAM, LES, and ALL). The intercept and slope of the regression equation for the predicted mean RpH and their residuals are noted on the figures. Analysis of the residuals and prediction biases and their significance for the models are given in Table 5 . There was mean bias (i.e., intercept) of residuals for all Tamminga and Van Vuuren (1988; TAM) , (middle) Lescoat and Sauvant (1995; LES) , and (bottom) Allen (1997; ALL) , where y = observed mean ruminal pH and x = predicted mean ruminal pH. (right) Residuals vs. centered predicted mean ruminal pH for (top) TAM, (middle) LES, and (bottom) ALL, where y = residuals of mean ruminal pH and x = centered predicted mean ruminal pH by subtracting the mean of all predicted values from each predicted value. models (P < 0.001) except FOX (P = 0.293), LES (P = 0.215), and TAM (P = 0.119). For the models with mean bias of residuals, bias (intercept) ranged from 0.062 for PIT (Fig. 1) to 0.558 for MER (Fig. 2) . There was linear bias (i.e., slope) of residuals for all models (P < 0.001) except PIT (P = 0.976) and FOX (P = 0.054) over the range of RpH prediction (Table  5 ). Both PIT and FOX predicted similar minimum RpH (5.49 and 5.46, respectively, compared with the observed value of 5.06) and maximum RpH (6.46 for both models compared with the observed value of 7.09). Of the models with linear bias, MER and ZB6 had the greatest slope for the residuals plotted against the centered predicted RpH (Fig. 2) . For MER, at the minimum observed RpH of 5.06, the predicted value was 3.83, and at the maximum observed RpH of 7.09, the predicted value was 6.48 (Table 5) . Thus, the MER model grossly underpredicted RpH with low intakes of peNDF (i.e., 0.81% to 2.50% DM). The ZB6 model substantially underpredicted pH at both low and high peNDF intakes, with a minimum RpH prediction of 4.48 and a maximum RpH prediction of 6.25. Of the tVFA models, the slope for the residuals plotted against the centered predicted RpH was least for LES and TAM compared with ALL (Fig. 3) . For LES and TAM, the minimum RpH prediction was 5.15 and 5.16, respectively, and the maximum prediction was 6.99 and 7.12, respectively (Table 5 ). In comparison, minimum RpH prediction for ALL was 5.66, and maximum RpH prediction was 6.35.
The effects of various animal, dietary, and ruminal fer- Models are ranked from best to worst fit within model category on the basis of overall cumulative ranking for each of the evaluation parameters.
2 Models are ALL, Allen (1997); FOX, Fox et al. (2004) ; LES, Lescoat and Sauvant (1995) ; MER, Mertens (1997) ; PIT, Pitt et al. (1996) ; TAM, Tamminga and Van Vuuren (1988) ; ZB6, Zebeli et al. (2006) ; and ZB8, Zebeli et al. (2008) , as given in Table 3. 3 n: number of observations used to test the equation. Coefficient of model determination (CD) explains the proportion of the total variance of the observed values by the predicted data.
7
Mean squared prediction error (MSPE), according to Bibby and Toutenburg (1977) , composed of ECT, error due to bias (% MSPE); ER, error due to deviation of the regression slope from 1 (% MSPE); and ED, random error (% MSPE).
8
Root-mean-square prediction error (% mean observed).
9
Concordance analysis, according to Lin (1989) : CCC, concordance correlation coefficient; C b , bias correction factor; ρ, Pearson correlation coefficient; v, scale shift; µ, location shift.
10
Cumulative score was calculated by ranking each equation from 1 to 9 (best fit to worst fit) for each of the statistical evaluators (MEF, CD, MSPE, ECT, ER, ED, RMSPE, R 2
, CCC, C b , ρ, v, and µ) and summing the rankings by equation to produce a cumulative score, as described in the text.
11
peNDF: physically effective NDF.
12
The model was evaluated after omitting 4 treatments from Murphy et al. (1982) and 1 from Li et al. (2011) as outliers.
13
Total concentration of VFA in ruminal fluid.
mentation variables on the residuals of mean RpH predictions for the various models are shown in Table 6 . Feed intake expressed as DMI (kg/d), DMI per kilogram of BW 0.75 , forage intake, or OM intake was a prominent source of variation for the residuals (P < 0.05) for all models, except ZB6. The concentration of forage DM in the diet also affected (P < 0.05) the residuals for almost every model (except ZB6); observed RpH was greater than predicted as forage concentration in the diet increased. Ruminal factors such as Am, Ac, and Pr concentrations also affected (P < 0.05) the residuals of all models, and the effect was, in some cases, cubic (e.g., Am 3 for PIT, FOX, ZB8, and MER).
DISCUSSION
Ruminal pH Measurements and Ruminal pH Prediction
The study evaluated and compared the performance of current prediction models of mean RpH using data for beef cattle from a wide range of studies. It should be stated that most of the models tested (ALL, MER, TAM, ZB6, and ZB8) were developed to predict RpH of dairy cows, with only LES, PIT, and FOX developed as models for beef cattle. Although LES, PIT, and FOX were designed for beef cattle, few to none of the studies used in our data set were used in the development of those models. All models tested showed poor correlation between measured and predicted values (R 2 < 0.52), demonstrating the need to incorporate additional factors beyond peNDF and tVFA to improve the capacity of models to predict mean RpH in beef cattle.
Our study focused on predicting mean ruminal pH, which represents an average pH determined over a particular sampling period for each study, with sampling frequency and duration ranging considerably among studies. For example, in studies that used continuous pH recording, sampling was frequent, and the entire 24-h period was represented, whereas for studies that used noncontinuous measurements, sampling frequency was relatively low, and in most cases samples were taken at timed intervals after feeding. Time relative to feeding and frequency of sampling can introduce systematic errors in the calculation of RpH. Furthermore, no correction was made to account for potential differences in pH due to sampling method or site. For example, pH determined in ruminal fluid obtained by rumenocentesis is reportedly 0.30 pH units lower than for fluid collected through a rumen cannula (Garrett et al., 1999) . Only 3 of the observations in our data set were obtained by rumenocentesis. Conversely, ruminal pH values of samples taken by oral probe can be greater than those for samples taken through a rumen cannula because of contamination by saliva, inflating the pH value. In our data set, 53 pH observations were obtained using a stomach tube with the mean ± SD (6.39 ± 0.538) greater than that for samples taken from a rumen cannula (n = 62; 6.13 ± 0.815). Furthermore, 92 pH observations (mean pH 5.98 ± 0.305) were obtained from continuous measurement compared with 136 observations (mean pH 6.20 ± 0.467) from noncontinuous measurements. However, caution should be used when comparing continuous vs. noncontinuous measurements Zebeli et al. (2008) , as listed in Table 3 .
2 n: number of observations used to test the equations. 3 Intercept and slope are the mean and linear bias, respectively, with the equations reported in Fig. 1, 2 , and 3.
of RpH across studies because many of the studies using continuous measurements also evaluated rapidly fermentable diets (i.e., high-grain barley diets), which would have resulted in relatively low RpH. Furthermore, sampling site within the rumen can affect ruminal pH due to a pH gradient caused by stratification. As discussed by Aschenbach et al. (2011) , pH values in the rumen mat and central portion of the rumen tend to be lower than those from the ventral sac. The lack of a common standardized measurement of determining mean pH introduced considerable variation into the observed values of RpH, which would have increased the errors associated with prediction.
Use of peNDF in Ruminal pH Prediction
Models that use peNDF content to predict RpH in cattle (MER, FOX, PIT, ZB6, and ZB8) are based on the premise that long fiber particles promote chewing during eating and rumination, which increases salivary secretion, helping to elevate ruminal pH. It is well established that salivary buffers (i.e., bicarbonate, phosphate) are an important mechanism for ruminal proton removal (Aschenbach et al., 2011) . The term peNDF relates solely to the particle size of feed and is an indication of its potential to stimulate chewing and salivation. One of the difficulties of using peNDF to predict RpH is the variability associated with its quantification, particularly assessment of the physical effectiveness factor (pef) of feeds. The pef ranges from 0 to 1.0; pef is multiplied by Table 6 . Relationship between some animal and feed variables and the residuals (observed minus predicted) of mean ruminal pH (RpH) prediction models using a data set of treatment means from beef cattle studies Lescoat and Sauvant (1995) ; MER, Mertens (1997) ; PIT, Pitt et al. (1996) ; TAM, Tamminga and Van Vuuren (1988) ; ZB6, Zebeli et al. (2006) ; and ZB8, Zebeli et al. (2008) , as listed in Table 3 .
2 All dietary variables are expressed on a DM basis: DMI, kg/d; DMI-q, quadratic effect of DMI; DMI-c, cubic effect of DMI; DMIBW, DMI per kg of BW; DMIBW-q, quadratic effect of DMIBW; DMIBW-c, cubic effect of DMIBW; Forage, forage intake, kg/d; Forage-q, quadratic effect of forage intake; OMI, organic matter intake, kg/d. Ruminal fermentation variables: Ac, acetate, mol/100 mol; AM-c, cubic effect of ammonia, mM; Pr-c, cubic effects of propionate, mol/100 mol.
NDF content to determine peNDF content of the feed. Long-grass hay with a theoretical NDF content of 100% is used as a reference feed and has a pef of 1.0 and a peNDF content of 100% (Mertens, 1997) . The pef of other feeds are relative to this standard. In the present study the peNDF content of diets was estimated using the default pef values for dietary ingredients in CPM-Dairy. A subjective assessment was made as to the appropriate pef value on the basis of the information provided in the paper regarding chop length of forage or degree of processing of grain. Thus, estimation of peNDF content of diets may have introduced substantial variability and lowered the prediction accuracy of the models.
Of the RpH prediction models, PIT and FOX, which have been integrated into the CNCPS model, were the overall top-ranked models, with the lowest RMSPE, greatest CCC, minimal error due to overall and linear bias, and greatest MEF. The similarity in performance of these 2 models was not unexpected given that there is some autocorrelation with the pH predicted by the PIT and FOX models, as they were developed concurrently. Offner and Sauvant (2004) compared the predictive ability of RpH from PIT against experimental in vivo measurements on lactating cattle (RpH = 6.1 ± 0.3; RpH range of 5.5 to 6.7; n = 167). The mean and range of observations in that study were very similar to those for our study with beef cattle. They reported that PIT tended to overestimate RpH for dairy cattle (6.36 ± 0.17), yet our evaluation for beef cattle found that both PIT and FOX tended to slightly underestimate RpH below the asymptote (pH = 6.46), with considerable deviation at the asymptote (Fig. 1) . Removing the asymptote for these models (PIT, RpH = 6.46 when peNDF > 26.3%; FOX, RpH = 6.46 when peNDF > 24.5%) did not improve the model fit (data not shown). In fact, prediction error doubled (RMSPE of 8.32% and 9.66%), with the main error (54.1% and 57.7%) from linear bias, for PIT and FOX, respectively. Furthermore, the CCC for PIT and FOX decreased (0.52 and 0.58, respectively) with substantial overprediction of mean RpH (µ = 0.21 and 0.35, respectively; data not shown). Thus, FOX and PIT should not be used to predict RpH in beef cattle fed high-forage diets, for which RpH is often >6.46. However, this may not be a major limitation because in most cases the intent is to predict RpH in cattle fed low-fiber diets, with the aim of predicting when fiber digestion may be compromised (e.g., pH < 6.2; Fox et al., 2003 Fox et al., , 2004 and when ruminal acidosis may occur (Schwartzkopf-Genswein et al., 2004 ).
The ZB8 model performed moderately, whereas accuracy and precision of the MER and ZB6 models were very low. In particular, MER considerably underestimated RpH particularly at low peNDF intakes, even after the removal of 5 observations with very low peNDF intakes (Murphy et al., 1982) . Before removing these observations, RMSE was 24.23%, of which 68.21% and 24.86% were due to linear and overall bias, respectively. Moreover, the CCC was very low (0.18), which resulted in substantially higher underprediction of RpH (µ = 0.96; data not shown). Similarly, ZB6 showed considerable prediction bias with underestimation of RpH. The original data sets used to develop ZB6 and ZB8 were characterized with a mean peNDF content of 21.1% and 24.1% of DM, respectively, and range of 4.2% to 37.4% and 4.2% to 40.6% peNDF, respectively. Despite the similarity of mean and range of peNDF in those dairy data sets compared with the mean and range for the present study for beef cattle, performance of the ZB6 and ZB8 models was relatively poor for beef cattle. Further, a mean RpH of 5.97 ± 0.24 (n = 106), 5.66 ± 0.11 (n = 114), 6.09 ± 0.02 (n = 100), and 6.10 ± 0.26 (n = 205) was reported in the original data sets used for model development for ALL, MER, ZB6, and ZB8, respectively. The RpH range was 5.51 to 6.60, 5.30 to 6.59, and 5.30 ± 0.01 to 6.73 ± 0.15 for ALL, ZB6, and ZB8, respectively. Although the mean (6.11) and range (5.06 to 7.09) of RpH in our data set were similar to the ones in those models, use of these models is not recommended for beef cattle.
Although FOX and PIT provided the best fit of the models evaluated, the study showed that the ability of the current models to predict RpH from peNDF is limited for beef cattle, especially feedlot cattle fed high-grain diets. Although peNDF is an indication of chewing activity and salivary secretion, and hence salivary secretion, many additional factors other than peNDF can influence ruminal pH, including intake of fermentable carbohydrates, degradation rate of carbohydrates, grain processing effects, use of ionophores, feeding management, and so forth. Ruminal pH in cattle is a complex function of VFA production and removal (through absorption, neutralization, and passage; Allen, 1997) . It has been estimated that saliva production is responsible for the neutralization of up to 40% of the acid produced in the rumen (Allen, 1997; Aschenbach et al., 2011) ; thus, peNDF as a proxy for chewing time reflects only 1 of the contributing factors that regulate ruminal pH.
Use of VFA in Ruminal pH Prediction
Models that use tVFA to predict RpH are based on the premise that carbohydrates are subjected to fermentation in the rumen by the resident population of microorganisms, resulting in VFA production, and tVFA is a reflection of the accumulation of protons in the rumen (Dijkstra et al., 2012) . Increased ruminal fermentation of carbohydrates leads to proton release and thereby decreases pH (Aschenbach et al., 2011) . For example, Nozière et al. (2010 Nozière et al. ( , 2011 ) used a data set that included lactating, growing, and nonproducing animals (n = 1,473; Sauvant et al., 2000) and showed that OM and starch intake (r 2 = 0.89; residuals SD = 11.8) were inversely related (P < 0.001) to RpH and were the main variables explaining tVFA.
Of the 3 tVFA models evaluated, ALL and TAM used data from dairy cattle fed forage-and concentratebased diets, whereas LES used only data for beef cattle fed diets based mainly on concentrates (>75% of DM) to predict the mean RpH . Despite the similarity in modeling approach, ALL was less useful for predicting RpH of beef cattle fed a range of diets than LES, followed by TAM. These results demonstrate that tVFA concentration in cattle is highly dependent on the type of diet (Murphy et al., 1982; Bannink et al., 1997a) , which influences the accuracy of RpH predictions (Dijkstra et al., 1993; Bannink and De Visser, 1997; Bannink et al., 1997b) . Furthermore, the current RpH prediction models do not account for differences in individual VFA, which are affected by feed composition, differences in the rate of production, rate of interconversion, and rate of absorption from the rumen (Morvay et al., 2011) .
In our data set, mean tVFA averaged 109 mM and ranged from 43.3 to 183 mM. In dairy cows, Hanigan et al. (2013; n = 180) reported a similar tVFA average of 106 mM and a range of 11 to 148 mM, and Ghimire et al. (2014; n = 18) reported an average of 112 mM and a range of 85 to 156 mM. In studies with beef steers, mean tVFA (mM) averaged 88.5 (n = 72; Fulton et al., 1979) , 99.6 (n = 7; Estell and Galyean, 1985) , and 106 (n = 8; Hart et al., 2009 ). This range in mean tVFA reflects wide ranges in DMI and diet quality typical of beef cattle production systems.
Using tVFA to predict RpH is of limited use for commercial beef farms because measuring VFA concentrations requires a sample of ruminal fluid, which could also be used to measure RpH directly. Rather, use of tVFA to predict RpH is useful in process models of rumen fermentation (e.g., Baldwin et al., 1987a,b; Lescoat and Sauvant, 1995; Baldwin, 1999) whereby carbohydrate fermentation is used to predict tVFA and, subsequently, RpH.
Of the tVFA models examined, we recommend the use of LES or TAM for beef cattle, although the accuracy and precision of both models were relatively low. The overall goodness of fit of LES and TAM was generally similar; however, both substantially deviated from the isopleth, with underestimation at low RpH and overestimation at high RpH. Performance of ALL was generally poor, and thus, the model is not recommended for beef cattle.
Residuals of Ruminal pH Prediction Models
Significant relationships between some animal, dietary, and ruminal fermentation variables and the model residuals signify that simple empirical models based on peNDF or tVFA alone do not fully encompass the complexity of factors affecting ruminal pH in beef cattle (Nagaraja and Titgemeyer, 2007) . The strong relationship for all models (except ZB6) between the RpH and DMI (kg/d or kg/kg BW 0.75 ) and OM intake in some cases demonstrated clearly that intake level is a principal determinant of mean RpH for beef cattle. In general, the difference between observed and predicted RpH increased as DMI decreased, indicating that these models are best used for animals consuming greater DMI. This effect may reflect the fact that most of the models evaluated were based on data from dairy cows, where intake level would have been greater than that of beef cattle.
In addition to DMI, forage content of the diet affected the residuals, indicating the peNDF intake or tVFA did not fully account for the effects of forages on ruminal pH. In addition to providing long particles (i.e., peNDF) and digestible nutrients (i.e., tVFA), long forage particles also help elevate ruminal pH by creating a floating mat in the rumen, which stimulates reticuloruminal contractions and passage of digesta from the rumen. Feeding forages can also shift the site of starch digestion from the rumen to the intestine, which elevates ruminal pH (Yang and Beauchemin, 2006) . Concentration of ruminal Am was also positively associated with the residuals for some peNDF models (PIT, FOX, ZB8, and MER), indicating the difference between observed and predicted RpH was greater as the concentration of Am increased. Ruminal Am is a source of nitrogen for the ruminal microbial population, and concentration generally increases as dietary CP and rumen degradable protein concentrations increase. Ruminal Am elevates ruminal pH by binding (pKa value of 9.21) with protons (Aschenbach et al., 2011) . For the tVFA models, Ac concentration was inversely associated with residuals, indicating that greater Ac concentration reduced the difference between observed and predicted pH. Thus, including Ac concentration or Ac:Pr in VFA models may increase their accuracy. Future models to predict RpH in beef cattle should consider intake level, dietary forage content, and some ruminal fermentation variables to improve the accuracy of predictions.
Conclusion
Empirical published models that rely on only dietary peNDF intake or mean ruminal tVFA concentration to predict mean RpH showed poor correlation between measured and predicted values (R 2 < 0.52). Of the peNDF models, PIT and FOX were most reliable, and of the VFA models, LES and TAM were most reliable for predicting mean RpH in beef cattle. However, more research is needed to improve the ability to predict RpH to prevent ruminal acidosis and optimize rumen function. The results emphasize that RpH depends on a cascade of variables that are not accounted for by these simple empirical equations, highlighting the need for further modeling efforts that incorporate nutritional, microbial, and ruminal factors to improve the capacity of models to predict mean RpH in beef cattle. In chronological order.
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Type of diets offered varied with the growth stages and conditions of cattle and production systems: B, backgrounding; F, finishing; G, grazing, M, metabolism; T, transition from high forage to high grain diet; Z, zero grazed.
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Ruminal pH was measured using CE, continuous indwelling electrodes; EP, electric vacuum pump; MP, manual vacuum pump; RC, ruminal cannula; RS, rumenocentesis; and ST, stomach tube.
8
Total VFA not reported in this paper.
